. Total energy expenditure in burned children using the doubly labeled water technique. Am. J. Physiol. 259 (Endocrinol. Metab. 22): E576-E585, 1990.-Total energy expenditure (TEE) was measured in 15 burned children with the doubly labeled water technique. Application of the technique in burned children required evaluation of potential errors resulting from nutritional intake altering background enrichments during studies and from the high rate of water turnover relative to CO:! production. Five studies were discarded because of these potential problems. TEE was 1.33 t 0.27 times predicted basal energy expenditure (BEE), and in studies where resting energy expenditure (REE) was simultaneously measured, TEE was 1.18 & 0.17 times REE, which in turn was 1.16 k 0.10 times predicted BEE. TEE was significantly correlated with measured REE (3 = 0.92) but not with predicted BEE. These studies substantiate the advantage of measuring REE to predict TEE in severely burned patients as opposed to relying on standardized equations. Therefore we recommend that optimal nutritional support will be achieved in convalescent burned children by multiplying REE by an activity factor of 1.2.
expenditure from between . 1.38 times in healthy sedentary women (23) and 4.3-5. 3 times in professional cyclists during the 3-wk-long Tour de France (31). There is no such information available that enables extrapolation from resting energy expenditure measurements to total energy expenditure in severely burned patients, yet such information is essential if resting energy expenditure measurements are to have any value in determining total energy requirements. body composition; burn injury; nutritional requirements AN ELEVATION in the rate of resting energy expenditure is one of the most documented metabolic responses to burn injury (2, 6, 14, 19, 25, 32) and has led to the development of various approaches to nutritional therapy (8, 12, 13, 19, 21) . However, there are still no universally accepted guidelines for the effect of an elevated resting metabolic rate on nutritional management of burn patients. The equations most commonly in use can provide as much as three times or more than predicted basal requirements and may exceed the resting energy expenditure, as measured by indirect calorimetry, by almost as much. The confusion over the amount of energy calculated to be required by the various equations reflects, in part, limitations in the methodologies that have been used to estimate caloric requirements in burn patients.
Until recently, the main limiting factor for examining the relationship between resting energy expenditure and total energy expenditure was the lack of a reliable and practical technique to measure total energy expenditure directly in burn victims. Recent studies assessing and utilizing the doubly labeled water technique suggest that this could be an ideal method for exploring this relationship. The doubly labeled water technique enables quantification of total energy expenditure over periods of days and weeks in a manner that is safe and noninvasive and does not interfere with the n .ormal daily routine. A bolus dose of two stable isotopes of water, Hz180 and 2H20, is given either orally or intravenously.
The 2H20 is lost from the body at a rate proportional to water flux alone, whereas H2180 is lost, not only in water, but also in CO2 via rapid equilibration through the carbonic anhydrase system. The difference in the two turnover rates is therefore a direct function of the total rate of CO2 production. With a knowledge of the type of fuel mixture that is oxidized, energy expenditure can be calculated. The technique has been rigorously examined, and the results obtained have compared well with a variety of methods, including intake/energy balance studies, continuous and near-continuous respiratory gas analysis in healthy adults (5, 29), adults receiving total parenteral nutrition (27) , premature infants (15, 24) , and a variety of animals (17, 22) . Discussions of the application of this method for measuring tota 1 energy expenditu re in free-living humans have been P resented recently bY Prentice (23) and Schoeller (26) . The most direct assessment of caloric requirements is
The specific aim of this study was to define the relaby measurement of total energy expenditure. Although tionship between total energy expenditure and resting resting energy expenditure has been extensively studied energy expenditure in burned children using the doubly in burn patients (2, 6, 14, 19, 25, 32) , there is no inforlabeled water technique together with indirect calorimemation available on the relationship between an observed try. The ultimate aim of this approach was to optimize rate of resting energy expenditure and total energy ex-the use of bedside indirect calorimetry for designing daypenditure. Total energy expenditure over 24 h has been to-day nutritional management based on actual measreported to exceed a measured value of basal energy urements of energy expenditure on an individual basis.
Patients. The children studied were all patients at the Galveston Unit of the Shriners Burns Institute. In each case the purpose and details of the protocol were explained in full to the parents before we obtained written consent. The studies were approved by the Institutional Review Board of the University of Texas Medical Branch, Galveston, Texas. All of the patients were treated in a uniform fashion with excisional therapy; they were taken to the operating room as soon as possible after hospitalization where wide excisional surgery was performed to remove all burned tissue in preparation for grafting. Grafted wounds were then dressed in nonadherent gauze, and the extremities were immobilized. After a &day period of immobilization, dressing changes and hydrotherapy began. At 5 to lo-day intervals thereafter patients returned to the operating room for further autograft harvesting and replacement of allograft with autograft until all wounds were entirely closed. All of the children studied were nonambulatory during the study period, although active and passive range of motion exercises are performed routinely four times per day on all patients.
Nutritional support of patients. Nutritional support of patients was standardized according to the equations previously described (12). Total caloric intake over the 6-or 'I-day study period was taken from the dietary records. Theoretical food quotients (FQ) were calculated using the equations of Black et al. (1) with the classical food quotient constants of Lusk (20) . The majority of caloric intake was via enteral fluids, which were either milk, Isocal, Prosobee, or milk-Isocal mixtures.
Analysis of background changes in Hz"0 and 2H20 enrichments during hospitalization. The effect of hospitalization on the daily fluctuations of background enrichments of the two isotopes was examined in three patients. To maximize the likelihood of changes being observed, the patients were studied during early hospitalization, because it is in this time period that any changes in background enrichments are most likely to occur. Doubly labeled water protocol. A nude body weight was recorded and a baseline urine sample (10 ml) was collected before isotope administration. Highly enriched H2180 (85%, confirmed in our laboratory by isotope ratio mass spectrometry analysis of a diluted sample; Cambridge Isotope Laboratories, Cambridge, MA, and 2H20 (99.8%; ICON Services, Summit, NJ) were administered intravenously in one-third normal saline. When expressed per kilogram of actual total body water, the doses administered averaged 0.39 g of H2180 and 0.20 g of 2H20.
Daily urine samples were collected after isotope administration for 7 days. Samples were stored in sealed Vacutainers at -70°C until analyzed by isotope ratio mass spectrometry. Analysis was performed between 1 and 7 mo after sample collection, as described below.
Analysis of H2180 enrichments. Urine was analyzed for H2'80 enrichments using the CO2 equilibration technique (4). Vacutainers (10 ml, nonsiliconized, no additives) were filled with 1.5 ml urine and bone-dry, highest-purity C02, without breaking the vacuum. After overnight shaking at 25°C the CO2 was transferred into the mass spectrometer through a methanol-dry ice trap to remove water vapor. The ratio of 180 to 160 in the CO2 prepared from each sample was measured directly, relative to the standard tank CO2 using a 6-in. dual-inlet triple-collector isotope ratio mass spectrometer (Nuclide, State College, PA). A standard of known enrichment (International Atomic Energy Commission) was analyzed by the same method.
Analysis of 2Hz0 enrichments. Hydrogen gas was prepared from urine samples using an off-line zinc reduction method (16) as modified by Wong et al. (33) . Urine (10 ~1) was introduced into the quartz reduction vessels over a dry nitrogen stream. The vessels contained 0.5 g Analar grade zinc granules (BDH, Poole, UK) of <l mm in diameter; the zinc had been washed in 3 M nitric acid and rinsed repeatedly in distilled water and then acetone before freeze-drying for 2 days. The samples were frozen with liquid nitrogen, and the vessels were evacuated and then sealed. The tubes were heated to 450°C for 30 min. The hydrogen gas thus produced was introduced to the mass spectrometer through a liquid nitrogen trap and analyzed for deuterium enrichment using a 3-in. dualinlet dual-collector isotope ratio mass spectrometer (Nuelide). Hydrogen gas prepared from Vienna-standard mean ocean water (SMOW) was used as a standard. All enrichments were corrected for hydrogen mass-3 production. A standard of known enrichment (International Atomic Energy Commission) was analyzed along with each set of samples.
Calculation of H2180 and 2H20 turnover rates. Turnover rates of H2180 and 2H20 were equivalent to the slope of the line describing the relationship between the natural logarithm of the isotope enrichment above background vs. time in days (5). Between three and six points were used for determining the slope of each line, the first point being the day after isotope administration.
We also compared these multiple point turnover rates with the turnover rate derived by the two-point method that uses only the enrichments in initial and final urine samples (29).
Calculation of Hzl'O and 2H20 dilution spaces. Isotope dilution spaces were calculated from the enrichment of H2180 and 2H20 in the body at zero time by extrapolation of the log enrichment vs. time plots back to zero time (5) using the following equation ( where d is grams of H2180 or 2H20 administered, R is standard ratio for 180:160 (0.002005) or 2H:1H (0.00015576), and E is enrichment of H2180 or 2H20 at the extrapolated zero time (%o above background).
Calculation of total body water and lean body mass.
Total body water was taken as the mean of the zero-time isotope dilution space for the H2180 divided by 1.01 and the 2H20 dilution space divided by 1.04 (30). Lean body mass was derived from total body water measurement by assuming that lean body mass was 73% hydrated.
Calculation of Hzl'O and CO2 production rate.Carbon dioxide production rate (rco,) was calculated using the equation of Schoeller et al. (29) rco, = 0.4554 x N (l.OlK, -1.04Kh) (2) where 'co+,, is CO2 production (mol/day, corrected for fractionation), N is total body water (mol), and K, and Kh are turnover rates of H2180 and 2H20 (days-'), respectively. This equation includes a correction for fractionated water losses that is dependent on the rate of CO2 production, as described by Schoeller et al. (29) .
Calculation of total energy expenditure. Total energy expenditure (TEE) was calculated from CO2 production rates using the equation of De Weir (9) TEE (kcal/day) = 3.9(rco,/FQ) + l.lrcoB
where TEE is total energy expenditure (kcal/day), rco, is carbon dioxide production rate (l/day, where 1 mol of CO2 is equivalent to 22.4 l), and FQ is food quotient. Calculation of water turnover. Water turnover was derived using the approach of Lifson and McClintock (18) but with the modified fractionation factors of Schoeller et al. (28) and the assumption that the 2H20 turnover space is 4% larger than the water pool (29). Also, because this calculation was independent of CO2 production rates, we assumed that 25% of water loss was fractionated
where rH,o is total daily water turnover (l/day), Kh is turnover rate of 2H20 (day-l), and N is total body water (liters).
Measurement of resting energy expenditure. Resting energy expenditure was measured at least every other day with a Beckman metabolic cart. Previous experience with over 200 severely burned children indicated that a face mask is the most reliable technique for gas collections. Measurements were made early in the morning, usually between 6 and 7 A.M., before the first wound dressing change of the day. All subjects were on continuous feeding regimes, but food was not withheld before measurement so that a measure of resting energy expenditure, as opposed to basal energy expenditure, was obtained. Values of resting energy expenditure therefore include any energy expenditure associated with the thermic effect of food. Predictions of basal energy expenditure were derived from the equations of Harris and Benedict (11) . Although these equations were not specifically developed for children, the estimates obtained are identical as a group to the recommendations of the 1985 Food and Agricultural Organization/World Health Organization report (34). Also we have previously shown that resting energy expenditure in children fully recovered from burn injury is very close to the HarrisBenedict predicted values ( 14) .
Expression of results. All stable isotope enrichments are expressed in units of %O (del/ml) above background. Unless otherwise stated all results are expressed as means t SE.
RESULTS
Analytical precision. The average standard deviation between pairs of duplicate analysis was O.lS%, for H2180 and 5.94%0 for 2H20 over the entire range of enrichments (background enrichments included). Sample analysis was repeated when duplicates were more than 2 SD. In the case of deuterium, if this occurred, the entire sample set was then repeated.
Changes in background enrichments during placebo studies. Daily background enrichments of both isotopes in the urine of three burn patients over the first 12 days of hospitalization are shown in Fig.1 . There was a small but significant rise in the background enrichment of H2180 during this period. The solid line through the H2180 enrichments in Fig. 1 represents the first-order linear regression line (4 = 0.58, P = O.OOOZ), and the dashed line represents the second-order regression line (? = 0.48, P = 0.0014). The rise in enrichment of H2180 was equivalent to 0.33%0 per day. In the case of 2Hz0, the day-to-day individual variation in background enrichments was at the level of analytical variation.
Patients studied. Our use of the doubly labeled water technique in a diverse group of burned children is summarized in Table 1 . The group of children studied ranged from 2 to 14 yr, and studies were initiated from as early as 6 days postburn (EEB-4) to as late as 58 days postburn (EEB-17 and EEB-18). The 2nd.degree burn size ranged from 14 to 88% of body surface area, and 3rd.degree burn size ranged from 3 to 88% of body surface area. All studies were performed over 6-or 7-day intervals. Repeat studies were performed in three subjects; these studies are identified as EEB-7 and 11, EEB-9 and 10, and EEB-12 and 14. Over the 6-or 7-day study periods, the average caloric intake for all subjects studied was 2,737 t 912 kcal/day, equivalent to 2.44 t 0.44 times predicted basal energy expenditure. Studies marked *, t, and $ were repeat studies in same subject. BSA, body surface area; LBM, lean body mass. Turnover rates are equivalent to slope of line for natural logarithm of isotope enrichment above background plotted against time in days using 3-6 points for determining slope of each line. Dilution spaces were calculated from enrichment of H2180 and 2H20 in body at zero time by extrapolation of log enrichmentvs. time plots back to zero-time.
in burned children. Table 2 summarizes the doubly labeled water data for all studies performed listing the turnover rates and zero-time dilution spaces for 2H20 and H2"0. In general, the turnover rates for both isotopes were relatively high, compared with studies in healthy humans. Data for two doubly labeled water studies (EEB-17 and 18) are shown in Fig. 2 , where the isotopic enrichments of both isotopes (expressed as %O above background) in urine are given over the 'I-day period. The lines drawn through the points represent the monoexponential regression lines. In addition the residual plots for both isotopes in these two studies are shown in the inserts, where the residual enrichment represents the observed enrichment minus the enrichment predicted from the calculated regression lines. The residual plots presented in Fig. 2 imply that small variations in the expected enrichments were due to a small degree of dayto-day physiological variation in water flux and were not caused by random analytical error. Table 3 compares the turnover rates of H2180 and 2H20 derived by either the multiple or two-point method. There were no significant differences (paired t test) between the turnover rates derived by either method. Moreover, there was no significant difference between the two methods when the turnover rates were substituted into the expression (l.OlK)-(1.04Kh) used to calculate CO2 production rates (0.0288 t 0.0094 days-l for multiple-point method vs. 0.0307 & 0.0080 days-l for two-point method). In calculations of CO2 production rates we used the turnover rates derived by the multiplepoint method.
Total energy expenditure from the doubly labeled water technique in burned children. the measured value of energy expenditure at rest, averaging 1.18 t 0.17 times (Table 4 ). Resting energy expenditure was 1.16 t 0.10 times the predicted basal energy expenditure (Table 5 ). In the studies involving indirect calorimetry there was no significant difference between the measured respiratory quotient and the theoretical food quotient ( changes, hydrotherapy, physiotherapy, and surgical procedures performed during the course of the studies.
energy expenditure, and when indirect calorimetry was There was no significant relationship between either available, the rate of resting energy expenditure. Excludtotal or resting energy expenditure and the basal rate of ing the data from studies EEB-4, -5, -6, -7, and -9 for energy expenditure as predicted from the Harris-Benereasons described in the DISCUSSION, total energy ex-dict equations. However, there was a highly significant penditure varied from 0.97 (EEB-3) to 1.75 (EEB-11) linear relation between total energy expenditure and times predicted basal energy expenditure, averaging 1.33 resting energy expenditure (Fig. 3, ? = 0.92; P < 0.002). t 0.27 times predicted basal energy expenditure (Table  The standard deviation of the total energy expenditure 4). Also, when compared with intake, total energv ex-estimated from this relationship is &84 kcal/day. penditure ranged from 37 to 82% of caloric intake, avRelationship between total water turnover and urinary eraging 58 t 15%.
water loss in burned children. Total water turnover avMultiple measurements of resting energy expenditure eraged 133.5 t 62.5, and total urine output averaged 67.2 were performed in eight patients, and in these studies t 31.2 mlDkg-loday-l. Total water turnover was corretotal energy expenditure ranged from 0.90 to 1.39 times lated with urinary water loss (? = 0.84; P < 0.001) such Studies are those in which total energy expenditure is reported. n, number of points used to determine slope in the particular study. that in the diverse group of burn patients studied, 51.4 t 7.9% of water loss was via the urine.
DISCUSSION
This paper describes the results of the first attempt to determine total energy expenditure in burned children with the doubly labeled water technique. We examined the performance of the doubly labeled water technique under the conditions encountered with particular concerns to 1) potential changes in background enrichment of H2180 during early hospitalization, 2) the selection of the correct mathematical model to use for calculating COz production rates, 3) the potential error involved in choosing an assumed value for fractionated water losses, and 4) the effect of the high ratio of water flux to CO2 production observed in burned children.
The observation of a rise in the background enrichment of 2H20 in the urine of adults receiving total parenteral nutrition (as opposed to the slight rise in Hz180 reported in our study) led to the recommendation by Schoeller et al. (27) that an equilibration period of two biological half-lives of water turnover should precede a doubly labeled water study if changes in the background enrichments were liable to occur. We met this prerequisite in all studies except EEB-4 and EEB-5, which were initiated on days 6 and 6 of hospitalization, when the half-life of water turnover for the respective studies was 5.0 and 6.7 days. These studies were therefore discarded from further data analysis, because even if a small change in background had occurred, a significant error could have resulted. For example, if a doubly labeled water study is conducted over two half-lives of water turnover using 0.24 g of H2180/kg total body water, the turnover rate of H2180 will be overestimated by 3% for every 1%0 rise in the background enrichment of H2180 that occurs but is not accounted for (assuming there is no change in the background enrichment of 2H20).
The effect of errors in turnover rates on CO2 production rates is dependent on the ratio of water flux to CO2 production (Fig. 4) . At the ratio of water flux to CO2 production observed in premature infants (20.84, Ref. 24) , burned children (13.22), and healthy adults (8.12, Ref. 29 ), CO2 production rates will be overestimated by 29.5,18.7, and 11.5%, respectively, for every unaccounted for 1%0 rise in the background enrichment of Hz180. Previous analysis of the sensitivity of the doubly labeled water technique to errors in turnover rates have examined the effect of changes in the ratio of Kh to K, (22). However, we suggest using the ratio of water flux to CO2 production because this physiological constant is more comprehensible and determines the actual KJK, ratio. Furthermore, when the translation of error into CO2 production rates from various sources is examined as a function of the ratio of water flux to CO2 production, linear relationships that are easier to interpret are observed.
Although the change in background enrichments was a problem during initial hospitalization, an advantage in studying the burned children was that in most cases the quickly because of the rapid rate of water flux in our patients. Furthermore, because the children remained on diets from fixed sources during their hospitalization, the newly achieved background enrichment should remain constant, although we do not have any data on the stability of background enrichments during later hospitalization.
Calculation of COa production rates from the isotope turnover rates is complicated by the fact that there are three basic models available where rco; is COZ production rate uncorrected for fractionation (mol/day), N is total body water (mol), K, and Kh are turnover rates of Hz180 and 'HZO, respectively (days-'), and Do and Dh are dilution spaces of HZ"0 and 2H20, respectively (mol). The Lifson model assumes that the initial pool size for dilution of both isotopes is equivalent to the total body water pool. However, the observation that initial dilution spaces of both isotopes overestimate the total body water pool (5,15,24,29,30,) led to the development of the two other models cited. Because we were unsure about the equilibration of isotope immediately after an intravenous dose in burned children and therefore the optimum time to sample to determine total body water, we preferred to use the zero-time extrapolated dilution spaces. The individual values for Do and Dh were then divided by 1.01 and 1.04, respectively, as recommended by Schoeller et al. (30) , to calculate total body water. Similarly, we corrected the turnover rates of H2180 and 2H20 by 1.01 and 1.04, respectively. We chose to correct throughout by these fixed factors rather than use the individual observed values of the turnover rates and dilution spaces, as suggested in the Coward model (5), because of the observed individual variability in the ratio of Dh/D, (Table 2) . However, because the average measured value of the Dh/D, ratio was similar to the ratio of the assumed constant factors (1.039 t 0.038 vs. 1.030), the average calculated value for energy expenditure in this study would not have been different had we used the individual measured values directly in the equation as advocated by Coward et al. (5) . Also our sensitivity analysis reveals that rco, would only be 6% different if we had used a fixed Dh/D, ratio of 1.039 as opposed to 1.03.
Thus assuming there is no individual variation in the Dh/D, ratio, both the Schoeller model (29) and the Coward model (5) predict similar values of CO2 production. However, both these mathematical models developed for incorporating the volume of distribution into the equation will predict systematically lower values of CO* production than the Lifson model (1'7) by an amount that is proportional to the ratio of water flux to CO2 production (Fig. 5) . Based on the ratio of water flux to CO2 production observed in premature infants (20.84, Ref. 24) , burned children (13.22), and healthy adults (8.12, Ref. 29) , the Schoeller/Coward approach will predict CO2 production rates that are, respectively, 21.1, 14.2 and 8.9% lower than that predicted by the Lifson model (Fig.  5) 'Furthermore, when the approach of Schoeller et al. (29) , or Coward et al. (5) is used, the additional multiplying factors of the turnover rates used in these equations become subject to the same error sensitivity as the turnover rate constants. Thus the effect of 1% errors in any of these factors (i.e., 1.01, 1.04, Do, or Dh) on the predicted CO2 production rate, and the relationship between this effect and the ratio of water flux to CO2 production rate is the same as that described for a 1% error in a turnover rate as shown in Fig. 4. A major concern in all doubly labeled water studies is that when water is lost from the body by direct evaporation, 2H20 is lost at a different rate from Hz0 (i.e., fractionation of 2H20). In all doubly labeled water studies it is important to know the proportion of water loss that occurs via the routes where fractionation occurs, i.e., breath water vapor and transcutaneous water vapor (28). There are two methods available to correct for this phenomenon. In the method described by Schoeller et al. (29) , an equation is derived for estimating fractionated water losses as a function of the CO2 production rate. This model consequently predicts that the correction required for fractionation will be 5.4% of the crude uncorrected COz production rate under all conditions. In the approach of Lifson and McClintock (18) an estimated value for the proportion of water lost via fractionated routes is used, and with this approach the correction required is a function of the ratio of water flux to COa production (Fig. 6) .
In the burned children studied, very close to 50% of water loss is via the urine, similar to the situation in healthy adults (29). Thus with the knowledge that 50% of water loss is not fractionated, because it is lost via the urine, the best estimate that can be made for fractionated water losses is that it lies in the range of O-50% of total water loss. Thus if a value of 25% is assumed, we can be confident that the assumed value is within t25% of the true value. When the approach of Lifson and McClintock (18) is used with this level of uncertainty in the proportion of water lost via fractionated routes, the maximal range of error in COz production rates will be t14.6% in premature infants, $-8.5% in convalescent burned children, and &5.2% in healthy adults. If we had used the approach of Lifson and McClintock (18) with the assumption that 25% of water loss was fractionated in place of the Schoeller approach, our results for total energy expenditure would be lower by 3.4%
Very low rates of total energy expenditure were predicted from the doubly labeled water data in three studies 7, and 9) . This phenomenon may be related to the high ratio of water flux to COa production that was observed in these studies (Table 2) . Nagy (22) described how the doubly labeled water technique becomes particularly sensitive to analytical error as the Kh/K, ratio approaches unity, which will occur as the ratio of water flux to CO2 production rises. For example, when the Kh/ K, ratio is 0.95, a 1% error in Kh translates to a 19% error when the two turnover rates are subtracted from one another, compared with an error of 3.3% when the Kh/K, ratio is 0.77 as occurs in healthy adults. However, it is difficult to explain the apparent systematic underestimate of energy expenditure by random analytical error alone. This suggests that the doubly labeled water technique, or the models used to predict CO2 production rates, may be susceptible to high ratios of water flux to COn production. In most of the patients studied, this ratio was in an acceptable range.
The considerations discussed above notwithstanding, the doubly labeled water technique was useful in defining total energy expenditure in most of the burned children studied. The most striking fact was that, despite individual variability, total energy expenditure was, on the average, much lower than that estimated by any of the available predictive equations (8, 12, 19, 21) and was even lower than the World Health Organization-recommended intakes for healthy children of the same age and weight (34). The currently used predictive equations overestimated total energy expenditure by at least 1.6 times (requirements equal twice predicted basal, Ref. 21) and as much as 2.5 times (Curreri equation, Ref. 8) . This observation cannot be explained by a methodological problem, because the potential sources of error cited above could not explain a falsely low value of total energy expenditure.
Our results support other studies that have recently suggested that total energy requirements in burned subjects may be lower than previously speculated. For example, Cunningham et al. (7) recently observed weight maintenance in burned infants during the first 4 wk of injury when given as little as 1.2-1.75 times predicted basal requirements. In addition, at our institute we have observed body weight maintenance in adolescents whose caloric intake was 30-45% below that estimated by the original Galveston equation (13). The large discrepancy between our measurements of total energy expenditure and previous estimates is probably caused by an overestimation in the magnitude of the hypermetabolic response to burn injury, and/or an overestimation of the ratio of total energy expenditure to resting energy expenditure in these patients.
Monitoring resting energy expenditure and using this measured value of energy expenditure for predicting energy requirements is clearly advantageous over the use of predicted values of basal energy expenditure. This is evident from the significant relationship between resting energy expenditure and total energy expenditure (Fig. 3) . On the other hand, no such relationship existed between predicted basal energy expenditure and total energy expenditure. Another advantage of this approach is that if changes in requirements occur during recovery, they will be taken into account; none of the available equations contains such a factor. The data from this study imply that in convalescent burned children resting energy expenditure need only be multiplied by a factor of 1.2 to meet total energy requirements. Although we have solid support for this proposal in convalescent burned chil-
dren, methodological limitations prevented us from identifying the relationship between resting energy expenditure and total energy expenditure during the acute stages of injury. However, during this period it is likely that the difference between total energy expenditure and resting energy expenditure will be smaller because of the combination of the lower energy expenditure of activity and the possible larger elevation in resting energy expenditure expected during this period.
The preceding discussion has assumed that total energy requirements of burn patients is equivalent to total energy expenditure. However, it is conceivable that total energy requirements may be greater than total energy expenditure if there is energy lost in the stool. There is some evidence of this phenomenon, including a report of high incidence rates of diarrhea in burned children associated with a variety of factors including high dietary lipid (lo), and fat malabsorption has been reported after burn injury in rats (3). Alternatively, one may wish to supply more calories than are required to make up for weight loss that occurred during the initial catabolic phase of the injury. However, it may be an unrealistic goal to specifically increase lean body mass by simply overfeeding during convalescence as Jahoor et al. (14) recently showed that burned children have significantly elevated rates of protein breakdown during this phase, even when the caloric goals of the weight-maintaining Galveston equation were met.
An unusual finding of this study was the observed equivalence of the measured respiratory quotient and the theoretical food quotient based on the composition of the diet (Table 5) despite the large positive energy balance. In this circumstance one would expect the respiratory quotient to be greater than the food quotient. In our experience, values of respiratory quotient in burn patients rarely exceed 1.0. In fact, in summarizing 127 measurements in burned children over the last five years at our institution, respiratory quotient averaged 0.83 t 0.09 (unpublished results). Whereas the inconsistency between the respiratory quotient and the food quotient could derive from extrapolation of "spot" measurements of respiratory quotient to the 24-h integrated value, it seems more likely that it is explained by errors in measurement of caloric delivery. Also as discussed above, malabsorption in patients could result in a difference between caloric intake and metabolizable caloric intake.
When the doubly labeled water technique is performed in subjects who are not in energy balance, the food quotient value should be appropriately adjusted for changes in body fat storage. However, there are no techniques currently available for detecting the small estimated changes in body fat that occur over the 7-day study periods. The possible error resulting from unaccounted for changes in body fat storage that actually do occur can be estimated. In our study, if all energy expenditure was derived from glucose oxidation and all fat intake was stored, the 24-h respiratory quotient would be -1.0. Use of this value would lower our calculated value of total energy expenditure by ~l5%, thus strengthening our overall conclusion that previous estimates have overestimated energy requirements of burn patients. Because this example considers the extreme case, in reality our overestimation of total energy expenditure was probably less.
The quantitation of energy balance in our study was further complicated by the fact that body weight is generally maintained on the diets used, which, according to our study, are hypercaloric. However, body weight is an unreliable index of maintenance of lean body mass in burned patients because of fluid retention early in treatment that is lost in convalescence. Also, uncertainties in weight determination arise from the presence of dressings and the lack of an accurate preburn weight, and the further complication of large amounts of surgical tissue debridement.
The observed energy imbalance in this study can also be theoretically explained by changes in body composition during recovery from burn injury. The data of Jahoor et al. (14) show that children in the flow phase of recovery lose an average of 20 g of body protein per day, equivalent to 100 g of lean body mass (assuming lean body mass is 80% hydrated), compared with children who had fully recovered. In the six children examined during convalescence in the present study, the average energy excess was 775 kcal/day, equivalent to 97 g of fat storage. Therefore, maintenance of body composition and not just body weight should be the indicator of successful nutritional therapy.
In summary, the doubly labeled water technique is suitable for studying energy expenditure in burn patients, although one must be cautious of potential changes in background enrichments. We have also presented a discussion of the sensitivity of error in the technique to changes in the ratio of water turnover to the rate of CO2 production. Our results demonstrate that total energy expenditure in burned children is much lower than previously speculated and is composed mainly of resting energy expenditure. We recommend that optimal predictions of total energy requirements are obtained by adjusting an individually measured rate of resting energy expenditure by a suitable activity factor, which is 1.2 in convalescent burned children. 
